Introduction
Immature spermatozoa leaving the testis acquire the ability to become motile and to fertilize eggs during transit through the epididymis (Bedford, 1975; Cooper, 1986) . Although the epididymal epithelium is probably essential for sperm maturation, its precise role is largely unknown. Proteins are secreted into the epididymal lumen by the epithelial cells (Lea et al., 1978; Brooks & Higgins, 1980; Jones et ai, 1980; Klinefelter & Hamilton, 1985) , which also take up other proteins from the lumen (Attramadal et al., 1981; Pelliniemi et al., 1981; Djakiew et al., 1984 Djakiew et al., , 1985 . Some molecules from the systemic circulation are excluded by the epithelium, whereas others are taken up and even concentrated (Hinton et al., 1979; Hinton & Howards, 1981 Hoffer & Hinton, 1984) . To learn more about the functions of the epididymis, a number of research groups have isolated and cultured these cells (Kierszenbaum et al., 1981; Klinefelter et ai, 1982; Olson et ai, 1983; Byers et al., 1985) .
A common criticism of experiments carried out with isolated and cultured cells is that the results obtained may not reflect the function of these cells in vivo. In epithelial cells in general, and epididymal epithelial cells in particular, maintenance of the distinct polarity of the cell is certainly required for fully differentiated function. In vivo, the epididymal epithelial cells are highly polarized (Hamilton, 1975) . Tight junctions near the apical surface divide the membrane into two distinct regions. The apical plasma membrane communicates directly with the luminal environment and is presumably intimately involved in both secretion and uptake of specific proteins and other molecules directly involved in sperm maturation. The basolateral membrane is exposed to the systemic circulation (albeit modified by peritubular cells and extracellular matrix) and is probably involved largely in the uptake of nutrients. A third and particularly important function of the epithelium is to protect the maturing spermatozoa from the immune system.
To become polarized in vitro, epithelial cells must assemble and maintain junctional complexes. Molecules associated with the zonula occludens and zonula adherens junctions characteristic of epithelial cells in vivo must therefore be expressed in vitro. Uvomorulin, a member of the cadherin class of cell adhesion molecules (Gumbiner et al., 1988) is responsible, at least in part, for the initiation and maintenance of adhesive interactions among epithelial cells. It is also thought that uvomorulin-mediated cell adhesion is a prerequisite for the assembly of tight junctional complexes (Gumbiner et al., 1988) . Zonula occludens 1 and cingulin are peripheral membrane proteins associated with the cytoplasmic surfaces of occluding junctions in epithelial cells (Stevenson et al., 1986; Citi et al., 1988; Byers et al., 1991) . These three molecules must not only be expressed in vitro but also be organized appropriately for junctional complex assembly and the resulting polarization of the epithelial cells. In other fluid-transporting epithelial cells that have successfully assembled junctional complexes, functional polarity in vitro is expressed as an accumulation of fluid beneath the monolayer and the formation of hemicysts or domes (Lever, 1985) .
Conventional cell culture systems do not permit investigations of the polarized functions of epithelial cells. We have shown that polarized monolayers of epididymal epithelial cells and Sertoli cells can be maintained in dual environment culture chambers . This report shows that, as well as having a polarized morphology, epididymal epithelial cells in vitro express and appropriately organize uvomorulin, zonula occludens 1 and cingulin, and form hemicysts. We also show that cells growing in dual compartment chambers establish a permeability barrier and an electrical resistance characteristic of high resistance epithelia.
Materials and Methods
Cell isolation and culture Epididymal epithelial cells were isolated from either the caput-corpus or cauda epididymidis of 40-50-day old rats. The epididymides were divided at the isthmus of the corpus epididymidis. After a single collagenase (GIBCO) digestion for 60-90 min , free tubule fragments were incubated with 0-2% pronase (Sigma, P5147) in Hank's balanced salt solution free of calcium and magnesium to release sheets of epithelial cells (Olson et al., 1983) . This isolation procedure differs from that described earlier as it was necessary to reduce the size of the fragments of epithelium plated to get a more even monolayer than could be obtained using two collagenase digestions. Epididymal stromal cells were isolated as described previously . Cells were plated at a density of 0-5-2 IO6 cells cm"2 on Millicell HA culture chambers (Millipore Corporation, Bedford, MA, USA) impregnated with Matrigel (Collaborative Research, Lexington, MA, USA). The Matrigel was first diluted 1:7 in sterile distilled water and air dried in the Millicells to coat the filters. This resulted in a thinner (1 µ ) more even layer of basement membrane than could be obtained using the undiluted material. The initial volume of medium in the upper chamber was 2 ml and that in the lower chamber 1-5 ml when large chambers (30 mm) were used (inulin permeability experiments). For electrical resistance measurements, cells were grown in 12 mm chambers with initial apical and basal volumes of 0-6 ml. Monolayers were used for inulin permeability and electrical resistance studies after 4-6 days. Cells were grown in serum-free defined medium . Some cells were also plated on Matrigel-coated plastic petri dishes, uncoated plastic dishes and uncoated Millicells.
Immunocytochemistry
Antibodies to uvomorulin, zonula occludens 1 and cingulin were used for immunocytochemistry on methanolfixed 4 µ frozen sections of epididymis and on cells growing on Matrigel-coated glass coverslips (Byers et al., 1988) . Affinity-purified rabbit polyclonal antibody to zonula occludens 1 fusion protein (Anderson et al., 1989 ) was used at a dilution of 1:100. Rabbit polyclonal antiserum to the extracellular domain of uvomorulin (Schuh et al., 1986 ) was used at a dilution of 1:200 and rabbit polyclonal antiserum to whole cingulin was used at a dilution of 1:500 (Citi et al., 1988 (Fig. 1) . This phenomenon has been described in a number of epithelial cell lines (Lever, 1985) . The domes were formed by an accumulation of fluid beneath the epithelial cells, a result of vectorial transport. Dome formation was not observed when cells were growing on permeable supports or on impermeable supports in the absence of Matrigel. Incubation of cultures for 1 h at 4°C resulted in the collapse of most of the domes (data not shown).
After 10 days in culture, the epithelial cell monolayers became patchy (Fig. 2) . This was not due to a simple detachment of cells from the substrate but to a folding of the epithelium. At this time, many tubule-like structures were observed floating freely in the medium. It was, therefore, important to carry out studies of the polarized function of these cells before this time.
Immunocytochemical localization of uvomorulin, zonula occludens 1 and cingulin
In sections of epididymis, uvomorulin was distributed in a pattern consistent with a concen¬ tration at sites of apical junctional complexes (Fig. 3a) . This was observed as a bright honeycomb of staining at the apical part of the epithelium, which presumably corresponds to the zonula adherens or belt desmosome, which lies basal to the tight junction. Uvomorulin was also localized over the rest of the basolateral plasma membrane but the staining intensity was reduced. No specific staining of the epididymal interstitium was observed. In cultured cells from both regions of the epididymis, uvomorulin staining was concentrated at the cell periphery at regions of cell-cell contact (Fig. 3b-d) . In areas of the monolayers that had formed hemicysts, uvomorulin was present on cells that formed the hemicysts as well as on the surrounding epithelial cells (Fig. 3b,c) . In cells at subconfluent densities, uvomorulin staining was more concentrated on parts of the epithelial cells in contact with other cells and was considerably less intense on the free borders (Fig. 3c) . In co-cultures of stromal cells and epididymal epithelial cells, stromal cells were completely negative (Fig. 3e) .
In sections of the epididymis, both cingulin and zonula occludens 1 were distributed as discrete rings of staining at the apical part of the epithelial cells (Figs 4a, 5a) Complete monolayers of cells from proximal and distal regions were remarkably impermeable to inulin passage from basal to apical compartments with a rate of 01% h~' for the proximal and 005% h ' for the distal epididymidis, respectively (Fig. 6 ). We were interested in the effect of cell density on the development of electrical resistance. We found that densities of > 106 per chamber (1-6 106 cm2) actually delayed and in some instances prevented, the development of significant resistance (Fig. 7) . The (Stevenson et ai, 1986; Citi et al., 1988; Gumbiner et al., 1988) , are present and appropriately organized in cultures of epididymal epithelial cells. In earlier studies, we observed the presence of adherens and occluding junctions at the electron microscope level . We recently localized Na+-K+ ATPase to the basolateral plasma membrane of the epididymal epithelium in vivo (Byers & Graham, 1990 (Wong, 1988 The relative impermeability to inulin of the epididymal epithelium in vitro in the present study differs from that reported previously Cooper et al., 1989 ). There may be several explanations for this. First, the cells in the earlier studies may have undergone the folding and tubule formation described here, with a concomitant increase in inulin permeability. Second, at the time of our previous study, chamber construction was not always consistent; we now use commer¬ cially available Millicells. Third, we now use younger animals and achieve more reproducible results. The inulin permeability of epididymal cells in vitro in our study compares favourably with that described for high resistance epithelia (Simons & Fuller, 1985) ; indeed, our electrical resistance measurements indicate that the epididymal epithelium in vitro falls into this category. Other cells in this category include the high resistance strain of the Madin Darby Canine Kidney (MDCK) cell line and the A6 toad bladder epithelial line (see Simons & Fuller, 1985 for review). Confluent monolayers of Sertoli cells in culture do not approach this resistance or inulin impermeability in vitro, despite the presence of extensive tight junctional complexes (Hadley et al., 1985; Byers et al., 1986; Djakiew et al., 1986; Janecki & Steinberger, 1986; Ailenberg & Fritz, 1988; Onoda et al., 1990) . The role of the various structural components of occluding junctions in epithelial resistance is not well defined. Neither the number of junctional strands nor the relative amounts of the tightjunction associated protein zonula occludens 1 correlate with electrical resistance in low and high resistance strains of MDCK cells . The molecular and structural basis underlying differences in electrical resistance among the various types of epithelia in the reproductive system, and elsewhere, is therefore not clear.
In this paper we have described several factors that are important in the isolation and culture of polarized monolayers of epididymal epithelial cells: (i) cells must be plated at the correct cell density, (ii) routine electrical resistance measurements must be made and (iii) great care must be taken to ensure that the isolated cells are at least 90% epithelial. We showed that several of the polarized functions of the epididymal epithelium can be preserved in vitro. This, with the effective separation of apical from basal compartments possible in dual-compartment chambers, should permit more meaningful in vitro studies of the role of the epididymis in sperm maturation.
